1. The number of published studies using geometric morphometrics (GM) for analysing biological shape has increased steadily since the beginning of the 1990s, covering multiple research areas such as ecology, evolution, development, taxonomy and palaeontology. Unfortunately, we have observed that many published studies using GM do not evaluate the potential allometric effects of size on shape, which normally require consideration or assessment. This might lead to misinterpretations and flawed conclusions in certain cases, especially when size effects explain a large part of the shape variation.
| INTRODUCTION
The study of morphometrics has been a central interest in biology studies for several centuries (Adams, Rohlf, & Slice, 2004) . Geometric morphometrics (GM) overrides the limitations of traditional multivariate morphometrics (lengths, distances between landmarks, angles and ratios) by allowing the study of biological shape, i.e. the geometric properties of a trait (defined by a landmark configuration) that are invariant to scale, rotation and location (Mitteroecker & Gunz, 2009; Rohlf & Marcus, 1993) . GM has become a popular technique in multiple research areas in biology (e.g. ecology, evolution, development, zoology, botany, taxonomy and palaeontology) and medical and forensic sciences. In fact, the number of published studies using GM has been increasing steadily, especially since the 1990s (Adams et al., 2004) ( Figure 1 ). For example, we estimated that more than 300 studies were published in 2015 (Figure 1 ). Due to this impact in the published literature, researchers must approach to GM techniques correctly.
Unfortunately, we have repeatedly observed that an alarming number of studies using shape analyses do not evaluate the potential allometric effects of size on shape in the reported results. Size requires certain evaluation because the majority of organism's traits are allometrically related to the organism's size (Cheverud, 1982; Huxley, 1932) .
Allometry can be manifested not only among individuals of the same population and age group (static allometry) but also during growth (ontogenetic allometry) and across species (evolutionary allometry) (Cheverud, 1982; Cock, 1966; Gould, 1966) . Traditionally, the studies using linear morphometrics usually consider any proxy of organism's size as a potential confounding variable on the studied traits. Biological shapes are not an exception among morphological traits, and therefore usually show the same allometric relationships (Adams & Nistri, 2010; Drake & Klingenberg, 2008; Klingenberg, 1996; Mitteroecker, Gunz, Bernhard, Schaefer, & Bookstein, 2004; Zelditch, Swiderski, Sheets, & Fink, 2004) . Not evaluating the effects of size when analysing shape can generate flawed conclusions, as size may explain a large percentage of the shape variation. For example, detected differences across groups, or along continuous gradients, may entirely or partly be due to differences in size. We acknowledge, however, that certain research questions may require studying shape together with its allometric component. Evaluating shape with and without its allometric component is probably the best approach to understand the potential contribution of size to shape variation. This approach would inform us on how much shape variation is explained by size effects, and to which extent allometry is driving the obtained results through its effects on shape. In this short review, we were interested in how frequently the published studies that use GM do not evaluate the potential effects of size on shape variation, and the potential reasons behind it. This is the first attempt to evaluate this potential problem in a systematic way using published literature.
| MATERIALS AND METHODS
We performed a search in Web of Science on 18 October 2016 using the following search topics: "geometric morphometrics" or "Procrustes." As a result, 4,271 published studies were found. We selected the 300 most recent published studies, in English, and that used GM to study biological shapes. We discarded conference papers, papers dealing only with asymmetry and papers that used elliptical Fourier descriptors instead of Procrustes method. The selected papers covered from July 2015 to October 2016 (see Data Sources).
Each paper was carefully inspected in order to ascertain whether allometric effects on shape were considered in that specific study.
With "considered," we mean that the allometric effects of size on shape were: (1) controlled for in the statistical analyses, for example by including size as a covariate, or by evaluating the research question on shape with and without its allometric component; or (2) preliminary assessed and no further taken into account due to its small effect on shape variation. Three studies were classified as "uncertain" for lack of clarity of methods and results, so were removed from the dataset, and as a replacement, the next three corresponding papers from the search were incorporated. For the studies which considered allometric effects on shape, we noted, if available, the proportion of shape variance explained by allometric effects. When more than one estimate of explained variance was supplied (e.g. different traits in a study), the average of estimates for the study was calculated. We also noted the type of allometry studied (static, ontogenetic and evolutionary), the study organisms, the studied body part, the journal impact factor F I G U R E 1 Number of citations of geometric morphometric studies per year from 1990 to November 2016. The number of citations is based on a search in Web of Science performed on 11 November 2016 for citations of at least one of the following classical studies and reviews on GM: Rohlf and Slice (1990) , Rohlf and Marcus (1993) , Adams et al. (2004) , Slice (2007) , Mitteroecker and Gunz (2009) , Adams, Rohlf, and Slice (2013) (for 2015) and whether the study used 2D-or 3D-landmark configurations. Three studies used both 2D-and 3D-landmark configurations, and we opted to code them as 3D-configurations.
We performed two statistical analyses using the compiled dataset.
First, we compared the percentage of explained shape variance by allometric effects among the three types of allometry (static, ontogenetic and evolutionary) using a Kruskal-Wallis test. For some studies, it was difficult to evaluate whether static or ontogenetic allometry was considered, due to limited information on the sample specimens. These doubtful cases were therefore excluded from the analysis. Second, we investigated whether the allometric consideration was related to the impact factor of the journal, or whether it was more common in studies using 2D-or 3D-landmark configurations. For that purpose, we used a generalized linear model with a binomial response (coded as 1 or 0 depending on whether the study considered allometry on shape or not) and a logit link function, with impact factor and 2D/3D
as independent variables. The values for impact journal factor were log-transformed to improve normality. All statistical analyses were performed in r (R. C Team, 2015) .
| RESULTS
Out of 300 studies reviewed, 184 considered, in one way or another, the effects of allometry on shape, while 116 did not. This implies that more than one-third of the inspected studies (38%) did not evaluate the potential effects of size on shape variation. The reviewed studies included a large variety of organisms ranging from unicellular algae to humans, as well as diverse body traits from organs to the complete organism.
Out of the 184 studies that considered allometric effects, only 21 (11%) studies reported no significant effects of size on shape. Finally, the journal impact factor was not significantly related to how likely it was that a study considered the allometric effects on shape (estimate ± SE: 0.103 ± 0.196, p = .599). However, the studies using 3D-landmark configurations (N = 61) accounted for allometric effects on shape significantly more often than the studies using 2D-landmark configurations (N = 231) (estimate ± SE: 0.707 ± 0.310, p = .022).
| DISCUSSION
Our results show that more than one-third of the studies employing GM are not considering the potential allometric effects on biological shape. Importantly, we show that those effects are generally significant (88% of the studies wherein allometry was considered) and that size often explains a large fraction of total shape variation. The most important consequence of not evaluating the potential allometric effects in shape studies is that the reported results and their interpretation are limited and potentially flawed, i.e. they may dramatically change when controlling for allometry. Perhaps this is especially worrisome in ecological and evolutionary studies where proximate targets of selection are to be identified. For example, if allometry contributes considerably to shape variation, then size rather than shape may be under selection. We also note that there might be some specific scenarios where size evaluation might not be necessary (e.g. if size is known to explain a large percentage of shape and there is no interest in partitioning shape variation). However, evaluating a research question on shape with and without its allometric component will always be more informative and will give a more complete picture of the reasons behind the observed patterns. By comparing analyses with and without its allometric component, it is possible to evaluate to which extent the observed patterns are driven by the (in)direct effects of size on shape.
We believe that one of the main reasons why so many studies do not consider allometric effects on shape is a misinterpretation of what Generalized Procrustes Analysis (GPA) (e.g. Rohlf & Slice, 1990) actually does. A GPA aims at normalizing the landmark configurations by removing the effects due to position, scale and orientation.
First, the centroids of the landmark configurations are calculated, and used for centring all the configurations in the coordinate origin (i.e. position). Second, the landmark configurations are scaled to unit centroid size (i.e. scaling), removing the isometric effects of size on shape (Klingenberg, 1996; Zelditch et al., 2004) , because scaling is proportional over the entire geometry. Third, the landmark configurations are rotated around their centroids to minimize the sum of the squared Euclidian distances between homologous landmarks (i.e. rotation). The second step of the GPA is the most relevant here, because many authors have incorrectly interpreted this step as removing the effects of size on shape (i.e. the traditional size-correction of a variable). However, during a GPA only the isometric effects are removed, not the allometric effects. Some examples found in the inspected studies include claims such as (not reproduced literally): GM allows studying body shape differences independently of body size; the size aspect of a shape is removed during GPA; GPA separates size and shape, so differences in body size are account for by using shape variables, a persistent problem when using traditional linear measurements; GPA removes allometric effects from shape; and shape variables cannot be correlated with size. Remarkably, in some of the reviewed studies that used both linear and GMs, the authors size-corrected for the linear measurements, but not for the shape variables. Finally, we also want to emphasize that other shape analyses different from GM, such as elliptical Fourier descriptors used for the characterization of two-dimensional closed contours (Ferson, Rohlf, & Koehn, 1985; Kuhl & Giardina, 1982) , should also evaluate the potential allometric effects on the shape variables, for the same basic reasons.
It is not the aim of this review to provide information on all the available methods for taking the allometric effects of size on shape into account in GM. However, some of the most used ones are multivariate regression of the shape variables on size (Bookstein, 1991;  for graphical representation see also Adams & Nistri, 2010; Drake & Klingenberg, 2008; Mitteroecker et al., 2004) , and Procrustes ANOVA, using size as a covariate in the model (Klingenberg, Barluenga, & Meyer, 2002; Klingenberg & McIntyre, 1998) . Most of these methods are either implemented in freeware for GMs (e.g. tpsRegr, Rohlf, 2011; MorphoJ, Klingenberg, 2011) or are part of extensive r packages for
GMs (e.g. package geomorph, Adams & Otárola-Castillo, 2013) . We also recommend the use of multivariate approaches using all shape variables instead of univariate regressions of each principal component of shape (or relative warp) on size (Bookstein, 1991 (Bookstein, , 1996 . In addition, in across species studies on shape variation, it is crucial to incorporate phylogenetic correction (e.g. Blankers, Adams, & Wiens, 2012; Klingenberg & Gidaszewski, 2010) . This is because species are not independent from each other and the obtained results can be biased due to shared ancestry rather than evolutionary differences (Ferson et al., 1985; Harvey & Pagel, 1991) .
In conclusion, allometric effects can account for a large part of biological shape variation. For futures studies, we urge authors to evaluate shape variation with and without the allometric component. Such an approach would provide a more thorough understanding of how much size contributes to the observed shaped variation. We also encourage reporting the amount of shape variation explained by allometric effects, in order to facilitate future meta-analyses.
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